Cardiac enlargement was produced in three groups of male rats by maintaining them on a diet low in iron. Hearts from anemic rats increased approximately 100% in weight compared to hearts from normal rats. When compared to control cardiac tissue, no consistent significant changes in the concentration of DNA, RNA, or protein occurred in any of the groups. The total amount of all three constituents increased significantly in the enlarged hearts; this increase was proportional to the degree of cardiac enlargement. The data indicate that nuclear and cytoplasmic material increased equally in cardiac enlargement due to nutritional anemia. This and other observations in the literature suggest hyperplasia as the most likely explanation.
ADDITIONAL KEY WORDS chronic anemia cardiac hyperplasia low-iron, low-copper diet RNA/DNA protein/DNA • Karsner, Saphir and Todd (1) found, during post-mortem studies on human hearts, that hypertrophy of individual muscle cells appeared to be the only factor contributing to cardiac enlargement. Quantitative morphological studies by Linzbach (2) , however, could not explain extreme cardiac enlargement by cellular hypertrophy alone and he suggested that cellular hyperplasia also took place. Race and Black-Schaffer (3) and Black-Schaffer and Turner (4) also reported evidence for cellular hyperplasia in enlarged hearts in newborn and infants. Therefore, according to present data, cellular hypertrophy, hyperplasia, or both could be responsible for the increase in the heart mass during cardiac enlargement. Experimental methods which lead to an increase in cardiac size could not heretofore contribute to the solution of this problem because the degree of enlargement was relatively small (30 to 50% increase in weight), whereas in patients the weight of the heart is frequently two or three or even four times normal. Recently, Korecky, Rakusan, and Poupa (5) reported that a cardiac enlargement of 100 to 200% occurred in rats during chronic nutritional anemia produced by feeding a diet low in iron. It was anticipated, therefore, that this experimental model could result in sufficient cardiac enlargement to determine whether new cells were formed or whether the increase in myocardial mass was due solely to cellular hypertrophy. The concentration of DNA and the RNA-DNA ratio can be used as chemical indicators of changes in the size of growing cells and as evidence of formation of new cells. Therefore, the myocardial concentrations of DNA, RNA, and protein were determined, and the total amount of each substance was calculated and related to the increase in heart size. The observed results were compared with previous quantitative histological observations in this type of cardiomegaly.
Methods
Anemia was produced in male Wistar rats by feeding a modified milk diet (32 g sucrose/100 g whole dried milk), as described previously (6) . After birth, litters were reduced to 8 Circulation Research, Vol. XXI, November 1967 members and weaned on the twenty-first day. Litter mates were randomly divided into anemic groups, which received only a modified milk diet, or into control groups, which received either a standard laboratory diet or the modified milk diet supplemented with iron and copper. The daily doses of iron (0.5 mg) and copper (0.05 mg) were given in drinking water as FeSO 4 and CuSO 4 respectively. Rats were housed in individual cages with wire mesh floors to prevent coprophagy. A difference in the hemoglobin concentration between control and anemic rats usually appeared in 3 to 4 days. Three series of experimental and control animals were investigated. In the first series, the control animals received an amount of standard laboratory diet which maintained their body weights approximately the same as that of the anemic group. In the second series the control rats received, ad libitum, a modified milk diet supplemented with iron and copper and the experimental animals in this series received the milk diet without supplementation. In the third series, the control rats were randomly selected males with body weights between 500 and 600 g; this provided the largest normal hearts that could be obtained in this strain of rat. The period during which the experimental rats were on a modified milk diet was 11 weeks in the first series, 18 weeks in the second series, and 19 weeks in the third series. The hemoglobin concentration in the anemic rats varied between 3.5 and 5.0 g/100 ml blood and in the control rats between 13 and 16 g/100 ml blood.
The animals were decapitated, and the heart was quickly removed, rinsed in cold saline, and dissected. After removing the atria, the left and right ventricles were separated from the septum, weighed, and frozen in liquid nitrogen and stored at -60°C until analyzed. The septum was weighed and dried overnight at 105°C for determination of dry weight. The heart weight of control and anemic rats was expressed as percent deviation from the expected heart weight, which was calculated for each body weight using the equation of Beznak (7) ([heart weight (mg)] = [2.59 body weight (g)] + 186.2) previously determined for normal animals from the same colony.
DNA, RNA, and protein were extracted by a modification of the Schmidt and Thannhauser technique (8) . Left and right ventricles were individually pulverized under liquid nitrogen and a 20% water homogenate was prepared with an all-glass Potter-Elvehjem homogenizer. To 1 ml of homogenate, 8 ml of cold 10% trichloroacetic acid (TCA) was slowly added with constant mixing and spun in the cold for 20 min at 1200 to 1500 X g. The pellet was washed twice with 5 ml of cold 10% TCA and the supernatant discarded. Total proteins were determined after solubilization with 0.3 N KOH by the method of Lowry (9) , and human serum albumin (Dade Chemicals) was used as standard. The RNA was (7) Anemia (6) Control (6) Anemia (6) Control (7) Anemia (8 Group I control rats were on a standard diet restricted to an amount to keep their weight about that of the anemic rats. Group II control rats were on a milk diet plus iron and copper, ad libitum. Group III control rats were on a standard diet, ad libitum. Numbers in parentheses -number of animals.
Significant differences between control and experimental values: *P < 0.05; fP < 0.01. Heart weight is expressed as percent difference from expected normal values (see text). 
Results
The data presented in Table 1 show that in all three groups of anemic animals the heart weight increased approximately 100% compared to the calculated normal value. This increase was due to a parallel enlargement of both the right (Table 2 ) and the left (Table  3) ventricles. Despite the difference in total muscle mass between control and anemic hearts, there were no consistently significant changes in the concentration of either DNA or RNA. Although the RNA-DNA ratio tended to increase in hearts from anemic rats, none of the differences was statistically significant. There was a small average decrease of approximately 6% in the protein concentration of the enlarged hearts compared to controls and a slight, but insignificant, decrease in the dry weight of the anemic tissue as well. The protein-DNA ratio remained relatively constant despite the small significant differences in two or three rats. These results indicate that the concentration of nucleic acids remained unchanged and the concentration of protein was only slightly lower, despite a doubling of the cardiac mass in anemic rats.
Both right and left ventricles from all three groups of anemic animals had significantly increased total amounts of both DNA and RNA. This increase in nucleic acid content was proportionate to the increase in the muscle mass. Similar changes were observed in the total protein content as well.
The increase in the total amount of DNA, RNA, and protein could have occurred only during the process of increased cardiac muscle growth, and the increases in all three macromolecules must have represented newly synthesized material.
Discussion
Since DNA is located in the nuclei of individual muscle cells, the increased amount of DNA in hearts from anemic rats could indicate either a multiplication in the number of individual nuclei or the occurrence of polyploidy or both. An increase in the total number of nuclei could mean either an increased number of myocardial cells or the multiplication of nuclei within the existing cells. It could also be explained by an increased number of other cells, such as leukocytes, lymphocytes, or fibroblasts.
To our knowledge, there is no evidence to suggest the occurrence of polyploidy in enlarged rat hearts. Based on DNA content, Petersen and Baserga (12) found that 95% of the myocardial nuclei in growing and adult mice were diploid. Similarly, Capers (13) found that normal and hypertrophied human heart cells were almost entirely diploid. This was generally accepted for both the normal and enlarged hearts in men and some mammalian species. No reports of polyploidy appeared until the recent observation in normal and hypertrophic human hearts by Kompmann, Paddags and Sandritter (14) .
In our previous histological studies (15) , we saw no changes in the size of myocardial cell nuclei in the enlarged hearts of anemic rats. Therefore, it seems unlikely that the increased total myocardial DNA demonstrated in anemic animals could be explained by the formation of polyploidic cells. An increase in the number of individual nuclei would appear to be the most likely explanation. This increase in nuclei could be due to a polynucleation of the existing cardiac cells or to multiplication of the number of individual muscle cells. Multinucleated cells have been observed occasionally in cardiac tissue, but their density was not sufficient to explain our findings. In quantitative histological studies Poupa et al. (15) found that the size of individual cardiac muscle cells did not increase in the enlarged hearts of anemic rats. Therefore, the total number of muscle cells must have increased proportionally to the observed increase in heart size.
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The increase in total DNA in the enlarged hearts could not be explained by the infiltration of cells having a high DNA concentration. Histological examination (15) in enlarged hearts of anemic animals showed a normal capillary density and no infiltration of lymphocytes. The hydroxyproline content (unpublished data) was lower in such hearts, which suggests that an increase in the number of fibroblasts was unlikely.
The most likely explanation for the increased amount of myocardial DNA, with no change in the RNA-DNA ratio, in the anemic rat is the multiplication of individual muscle cells.
Our findings do not agree entirely with the results of similar experiments published by Sumner and Mclntosh (16), who could not demonstrate a significant increase in the total DNA content in enlarged hearts produced by nutritional anemia in rats. Compared to present experiments, however, the degree of enlargement in their report was lower (approximately 60% increase over normal) and almost one-third of their experimental hearts appeared to be only slightly enlarged. In addition, they found a somewhat larger variation in the myocardial DNA concentration. These points may partly explain why the increase in total DNA content in the enlarged hearts in their study was not statistically significant.
On the other hand, our results support the suggestion by Norman (17) that new synthesis of DNA may be a contributing factor in cardiomegaly in anemic rats. Widdowson and McCance (18) reported similar findings in hearts from three anemic suckling pigs. Grimm, Kubota, and Whitehorn (19) also reported a small increase in total DNA in rat hearts with ventricular weights above 1000 mg. It appears that new synthesis of DNA occurs in cardiomegaly in some mammalian species, provided that the stimulus for enlargement is applied early in the postnatal period or that the degree of enlargement is so great that a certain critical size of the individual myocardial cells is reached. 
